A chronosequence approach, i.e., a comparison of spatially distinct plots with different stages of 15 succession, is commonly used for studying microbial community dynamics during paedogenesis. 16 The successional traits of prokaryotic communities following sand fixation processes have 17 previously been characterized for arid and semi-arid regions, but they have not been considered 18 for the tundra zone, where the environmental conditions are unfavourable for the establishment 19 of complicated biocoenoses. In this research, we characterized the prokaryotic diversity and 20 abundance of microbial genes found in a typical tundra and wooded tundra along a gradient of 21 increasing vegetation -unfixed aeolian sand, semi-fixed surfaces with mosses and lichens, and 22 mature soil under fully developed plant cover. Microbial communities from typical tundra and 23 wooded tundra plots at three stages of sand fixation were compared using quantitative 24 polymerase chain reaction (qPCR) and high-throughput sequencing of 16S rRNA gene libraries.
Introduction 37
For the investigation of microbial succession during soil-forming processes, a chronosequence 38 approach, i.e., a comparison of spatially distinct plots of different ages, is commonly used.
105
The second site (Site II) was located in a deflation basin with unfixed aeolian sand, which 106 formed small dunes and was gradually covered by vegetation (67°36′23.2ʺN, 53°08′12.2ʺE, near 107 Naryan-Mar). The unfixed surface was an aeolian sand without gravel. The semi-fixed surface 108 was partly covered by shoots of moss (g. Polytrichum) and lichens (mostly Stereocaulon 109 paschale). Vegetation on the mature soil consisted of various lichens, subshrubs (g. Empetrum, 110 g. Arctostaphylos, Vaccinium vitis-idaea), grasses (Festuca rubra) and small trees (g. Juniperus, 111 g. Betula). The soil was classified as Arenosol in the WRB classification [23] or Psammozem on 112 buried podzol. 113 For every surface type on each site, five samples of sands and mature soils were taken from 114 depths of 1-5 cm that lacked plants, mosses and lichens. Sampling plots of different types were 115 located on a transect with 3-5 m between each plot. For molecular analyses, samples were stored 116 at -70 °С. The total organic carbon (TOC) and total nitrogen (TN) contents were estimated for 117 the average sample from each plot using a Vario MACRO Cube Analysensysteme GmbH, Germany). Quantitative PCR analysis 127 qPCR assays were used for quantitative estimation of ribosomal and N-cycle genes. To estimate 128 the functional potential of microbial communities for N-fixation, ammonia-oxidation and gene copy number/μl. Standards were made by purifying PCR products and quantifying the 144 concentration by Qubit fluorometer 2 (Thermo Fisher Scientific, USA). Reference organisms for 145 the construction of standard curves for PCR products are described in the Sequencing data were processed using QIIME [31] and Trimmomatic [32] . Forward and reverse 167 reads that had an overlap of at least 180 nucleotides were merged using the fastq-join algorithm. OTUs. Data were normalized to 4090 sequences per sample. A multiple t-test was performed to 182 test for significant (p<0.05) differences of individual microbial taxa and diversity indices.
183
The analysis of structural differences between prokaryotic communities (β-diversity) was 184 performed using binary metrics of similarity -weighted UniFrac [35] . Based on weighted 185 UniFrac distances, non-metric multidimensional scaling (NDMS) was carried out to construct 186 diagrams of similarity in prokaryotic community structures.
187

Results
188
Chemical properties of substrates on the studied plots 189 Both TOC and TN contents increased in correspondence with the stage of soil formation. For 190 both sampling sites, unfixed sands and semi-fixed surfaces had extremely low organic carbon (0-191 0.18 %) and nitrogen (0.02-0.04 %) contents, while mature soils had much higher amounts of C 192 and N ( Table 2) . The difference in percentage of TOC between the studied plots was higher than 193 the difference in N content. 196 Ribosomal and N-cycle gene abundances in the two chronosequences 197 The gradual increase in ribosomal gene copy numbers was revealed in both chronosequences abundance) (Fig 4) . The taxonomic structure on the phylum level was similar for the prokaryotic The highest prokaryotic α-diversity was found in mature soil from Site I ( The shift in prokaryotic community composition during the process of sand fixation was 257 observed in both chronosequences ( Fig 5) . Both unweighted and weighted UniFrac analyses abundance was the highest in comparison to other N-cycle genes. Genes associated with 293 denitrification (nirK and nirS) were previously found to be more abundant than nifH and amoA 294 in other soils [40] . The abundances of the two nitrite reductase-encoding genes (nirK and nirS) 295 observed in this study were disproportionate. According to previous studies, nirK (copper nitrite 296 reductase) is more widespread in terrestrial ecosystems, while nirS (cytochrome cd1 nitrite 16 297 reductase) is more abundant in marine environments [44] . Moreover, nirK genes were more 298 abundant than nirS genes in Arctic soils [45] . nirS is more widely distributed among denitrifiers, 299 but nirK-containing denitrifiers are more physiologically variable [46] . However, in some soils 300 nirS genes were more abundant than nirK genes [47, 48] . The prokaryotic communities of all samples were dominated by phyla Acidobacteria and 310 Proteobacteria, which was previously observed for other soils of the tundra zone [42, 49] .
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Phylum Thaumarchaeota was found to be relatively more abundant in unfixed sands of both 312 sites. All OTUs belonging to Thaumarchaeota were uncultivable Archaea and were previously 313 observed in other terrestrial environments. Among all Archaeal phyla, Thaumarchaeota are 314 known to be predominate in Arctic and Antarctic soils [49] . We suggest that the relative 315 abundance of Thaumarchaeota, but not their absolute number, decreased from unfixed sands to 316 mature soils because archaeal gene abundances in the unfixed sands were a hundred-fold lower 317 than in the mature soils.
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Family Ktedonobacteraceae belonging to phylum Chloroflexi that were predominate in unfixed 319 sands are known to be negatively correlated with organic matter content in deforested soil [50] .
320
This family is mostly represented by uncultivable genera; its cultivable representatives are filamentous, aerobic and mesophilic [51] . The gradual increase of prokaryotic α-diversity from initial stages of sand fixation to mature 338 soils was expected for both chronosequences. However, prokaryotic α-diversity increased from 
